Introduction: Asthma with adult onset and elevated blood eosinophils is a difficult-to-treat subgroup. This post hoc analysis evaluated reslizumab, an anti-interleukin-5 monoclonal antibody, in patients with late-onset eosinophilic asthma. Methods: Data from two 52-week placebo-controlled trials of reslizumab IV 3 mg/kg every 4 weeks in patients aged 12e75 years with inadequately controlled asthma, !1 asthma exacerbation within 12 months, and screening blood eosinophils !400/mL (NCT01287039/NCT01285323) were stratified by age of asthma onset (<40 or !40 years). Annual clinical asthma exacerbation rates, change in lung function, and patient-reported outcomes were analyzed. Results: 273 patients with late-onset asthma (placebo, n ¼ 130; reslizumab, n ¼ 143) and 658 with earlyonset asthma (placebo, n ¼ 336; reslizumab, n ¼ 322) were included. Baseline demographics were similar between groups. The interaction between age at onset of asthma and effect of reslizumab on asthma exacerbations was statistically significant (p ¼ 0.0083). Compared with placebo, reslizumab produced a 75% relative reduction in asthma exacerbations in patients with late-onset asthma (rate ratio [RR] 0.25; 95% confidence interval [CI], 0.16, 0.40), substantially larger than the reduction in earlier onset patients (RR 0.58; 95% CI, 0.44, 0.76). Similar findings were observed for other measures of asthma, including forced expiratory volume in 1 s (FEV 1 ). The adverse event profile of reslizumab was similar in patients with early-or late-onset asthma. Conclusions: Compared with placebo, reslizumab produced larger reductions in asthma exacerbations and larger improvements in lung function in patients with late versus early-onset asthma.
Introduction
Asthma is a heterogeneous syndrome encompassing multiple phenotypes according to severity of symptoms, degree of airflow limitation, level of asthma control, frequency of exacerbations, nature of the underlying airway inflammation (eosinophilic or noneosinophilic), and the age at onset of asthma [1] . Asthma developing for the first time in adulthood (late onset [LO] ) represents a particularly difficult-to-treat subgroup of the severe asthma population, and is associated with a distinctive biology and phenotypic characteristics compared with asthma that develops in childhood [early onset]) [1e3] . The phase 3 reslizumab population represents mostly adult patients with uncontrolled asthma and an eosinophilic phenotype, and encompasses patients with early-onset asthma as well as with LO asthma [4] .
Reslizumab is a high-affinity, humanized anti-interleukin (IL)-5 monoclonal (IgG4/k) antibody, which inhibits activity within the IL-5 signaling pathway by reducing ligand-receptor interactions and reduces blood and tissue eosinophils in patients with asthma [5e7]. Add-on therapy with reslizumab (intravenous; IV) 3 mg/kg every 4 weeks (Q4W) was shown to produce significant reductions in the frequency of asthma exacerbations in two, replicate 52-week phase 3 safety and efficacy studies in symptomatic, exacerbation-prone asthma patients (!12 years) with elevated blood eosinophils. In addition, treatment with reslizumab improved pulmonary function, patient-reported asthma control, symptoms and quality of life measures [4] .
The current study aims to determine the efficacy of reslizumab treatment in patients with LO asthma by secondary analysis of pooled data from the two replicate 52-week exacerbation studies. An age cut-off of !40 years was primarily utilized based on previous studies, which suggest that this is a reasonable age boundary for defining LO disease in asthma [8, 9] ; other age cut-offs for LO asthma were also explored. Finally, the safety of reslizumab was evaluated according to the age at onset of asthma, in order to determine the benefit:risk ratio.
Methods

Study design and participants
Data for the analyses presented here originated from two replicate, randomized (1:1 ratio), placebo-controlled, double-blind, parallel-group phase 3 studies (studies 3082 [NCT01287039] and 3083 [NCT01285323]). Detailed methodology and results from the 3082 and 3083 trials have been previously reported [4] . In brief, patients received either reslizumab (3 mg/kg) or placebo administered IV Q4W for 52 weeks. At baseline, patients (12e75 years of age) were required to be diagnosed with asthma that was inadequately controlled on at least medium dose inhaled corticosteroid (ICS)-based therapy. All patients had increased blood eosinophil levels (!400 cells/mL) at screening. Use of maintenance oral corticosteroids (OCS; 10 mg/kg/day of prednisone, or equivalent) was permitted.
The studies were conducted in accordance with Good Clinical
Practice guidelines, the Declaration of Helsinki, and local regulatory requirements. Relevant health authorities and local ethics committees or institutional review boards approved the study protocols (e- Table 1 ); all patients provided written informed consent.
Outcomes
The frequency of clinical asthma exacerbations (CAEs) over 52 weeks for reslizumab relative to placebo is represented by a rate ratio (RR). A CAE was defined by worsening lung function or asthma symptoms that required a medical intervention beyond usual care involving any of the following: systemic corticosteroid burst (!3 days); increase in baseline ICS dose (doubling or more); an unscheduled visit to a doctor's office for urgent asthma treatment; an emergency room (ER) visit or a hospitalization for asthma [4] . Exacerbations requiring OCS or an ER visit/hospitalization were analyzed separately. Changes in the asthma impairment measures of forced expiratory volume in 1 s (FEV 1 ), Asthma Quality of Life Questionnaire (AQLQ), Asthma Control Questionnaire (ACQ)-6 and Asthma Symptom Utility Index (ASUI) over 52 weeks are also reported.
This is a post hoc analysis of pooled data from replicate 52-week asthma exacerbation studies (the 3082 and 3083 trials) by age of asthma onset !40 years (LO asthma); additional age of onset thresholds were also explored (!age 18, 25, 30, and 35). Age of asthma onset (years) was determined from the patient's screening medical history information. The safety profiles for the patient populations from the 3082 and 3083 trials have already been reported by Castro and colleagues [4] .
Statistical analyses
The ratio of CAE rate between the treatment groups and its 95% , and ASUI over the 52-week treatment period was performed using a mixed-effect model for repeated measures including treatment, visit, treatment by visit interaction, region, OCS use at enrolment as fixed factors, and covariates for baseline value and patient as a random effect. Height and sex were also included as fixed effects for FEV 1 .
Results
Patient disposition and baseline characteristics
Pooled data from 931 randomized patients from studies 3082 and 3083 were included in the post hoc analysis; 273 patients had LO asthma (placebo, n ¼ 130; reslizumab, n ¼ 143); whereas 658 patients had asthma with an onset <40 years of age (placebo, n ¼ 336; reslizumab, n ¼ 322).
Baseline demographics and disease characteristics are presented in Table 1 . Baseline demographics and asthma control characteristics, including lung function, asthma exacerbation history, patient-reported asthma control, and quality of life scores were similar between the two groups. Baseline blood eosinophil levels were also similar between patients with LO asthma and patients with age of onset <40 years. Patients with LO asthma had a lower frequency of allergic disease and atopy compared with those with an age of onset <40 years. In contrast, a higher proportion of patients in the LO asthma group had chronic sinusitis with nasal polyps.
Efficacy outcomes: asthma exacerbations
Patients in the placebo arm with LO asthma had a higher background CAE rate compared with the overall population or patients with age of asthma onset <40 years of age: 2.26 versus 1.81 or 1.69 CAEs per patient per year, respectively. Based on an age cutoff of 40 years, patients with LO asthma experienced a relative reduction in asthma exacerbations of 75% with reslizumab that was larger than for the overall population and for patients with age of onset <40 years ( Fig. 1A ; p value for interaction between age group and treatment effect ¼ 0.0083). A similar association was observed for exacerbations requiring OCS treatment (Fig. 1B) . ER visits and hospitalizations due to asthma were relatively uncommon in these phase 3 clinical trials; however, exacerbations requiring an ER visit or hospitalization were reduced by 75% in the LO subgroup versus 34% for the overall population and 12% for asthmatics with age of onset <40 years (Fig. 1C) .
The larger magnitude of reslizumab benefit in reducing CAEs in patients with LO asthma compared with the overall population and patients with early-onset asthma was consistently observed across a range of LO asthma age cut-offs (age of onset !18, 25, 30, 35 or 40 years; Fig. 2 ). Across this range of age cut-offs, reslizumab treatment reduced the rate of CAEs in patients with LO asthma by 68e75%.
Secondary efficacy outcomes
The magnitude of the improvement in FEV 1 from baseline over 52 weeks with reslizumab was similar across the overall population and in the subgroups of patients with an age at onset <40 years and those with LO asthma (224, 202, and 209 mL, respectively). However, the treatment difference for these groups versus placebo was largest for the LO asthma patients (110 mL, 88 mL, and 167 mL, respectively) due to the relatively smaller placebo effect observed in the LO subgroup compared with the early-onset asthma subgroup (42 mL versus 114 mL) (Fig. 3) . Similarly, improvements in the patient-reported outcomes of ACQ6 and ASUI were largest for LO asthmatics, whereas quality of life improvements were similar across the overall and LO subgroups ( Table 2 ). The proportion of ACQ6 and AQLQ responders (ie, treatment difference from placebo !0.5 units) showed only slight differences between the overall population and LO asthma (79% versus 85% for ACQ6, and 73% versus 78% for AQLQ, respectively).
Safety
The most common adverse events (AEs) occurring among patients with LO asthma and those with an age of onset of asthma <40 years are shown in Table 3 . Percentages of patients with at least one AE were similar in the two groups, and slightly higher with placebo than with reslizumab. Accordingly, most AEs (both system organ classes and preferred terms) affected similar percentages of patients with versus without LO asthma.
Discussion
Patients with LO asthma appear to represent a clinically distinctive and often severe form of the disease [10] . The defining age for LO of asthma varies in the literature, with early onset typically used to describe symptoms developing during childhood and LO asthma defined as asthma with onset in adulthood (broadly defined as after age 18 years or 40 years) [11, 12] . The aim of this post hoc analysis of the pooled data from two replicate, phase 3 studies of reslizumab (3 mg/kg IV Q4W) in uncontrolled eosinophilic asthma was to assess the comparative efficacy of reslizumab in patients with LO asthma versus early-onset asthma.
Patients with inadequately controlled LO asthma, defined by age of onset !40 years, were more prone to asthma exacerbations than the overall population or patients with age of onset <40 years, based on higher exacerbation rates during placebo treatment; this result supports the observation that asthma is more severe in this subpopulation. Of note, placebo-treated patients with LO asthma also had a lower FEV 1 response to standard of care treatment compared with the overall population and patients with age of onset <40 years, which is also consistent with more severe disease (Fig. 3) . LO asthma patients had a marked response to reslizumab (75% reduction in both CAEs and in events requiring a hospitalization or ER visit) that was larger than that observed for the overall study population or patients with age of onset <40 years (54% and 34% reduction, respectively). Treatment differences between reslizumab and placebo in measures of current asthma impairment were also numerically larger for LO patients compared with the overall population: lung function (FEV 1 : 167 mL versus 110 mL), patient-reported asthma control (ACQ6: À0.363 versus À0.238) and patient-reported asthma symptoms (ASUI: 0.061 versus 0.049). Different definitions of LO asthma, ranging from age of onset of !18 years to !40 years of age, were tested and produced similarly large reductions in the rate of exacerbations with reslizumab relative to placebo. The safety profile of reslizumab was similar in LO asthma patients and those with an age of onset <40 years.
It is possible that differences in the pathobiology between the overall eosinophilic asthma population and those with LO asthma may contribute to the apparent differences in the magnitude of treatment effect with reslizumab. Consistent with previous observations, patients in this study with LO asthma were more likely to have chronic sinusitis and nasal polyps, less atopy, and fewer comorbid allergic diseases compared with patients without LO asthma (Table 1) [2, 10, 13] . Indeed, a separate post hoc analysis using data from the same overall populations as the current analysis found that patients with nasal polyps and chronic sinusitis benefited most from reslizumab (versus the overall population) e this included an 83% reduction in the annual rate of CAEs relative to placebo (p ¼ 0.0002) [14] . This provides further support for the use of reslizumab in patients with LO eosinophilic asthma.
Early-onset asthma may be described as being primarily driven by atopy and typified by type 2 cytokine expression (including IL-5) with consequential eosinophilia [15] . In contrast, in LO asthma (formerly called intrinsic asthma), the exogenous causes of the disease are largely unknown, although environmental stimuli such as oxidants (for example, chronic cigarette smoke exposure) or microbes might be involved. These agents may cause airway epithelial cells to secrete cytokines that activate innate lymphoid type 2 (ILC2) cells to produce IL-5 in an allergen-independent manner [2, 16] . Moreover, increased numbers of IL-5-producing ILC2 cells have been observed in the airways of patients with severe LO asthma [17], as well as in patients with chronic rhinosinusitis and nasal polyps [16] , despite treatment with high-dose ICS and even OCS, suggesting that ILC2 cells are relatively corticosteroid resistant. We put forward the hypothesis that the corticosteroid-resistant production of IL-5 by ILC2 cells underlies the persistent eosinophilic airway inflammation in LO asthmatics, Table 3 Adverse events by age of asthma onset.
Age of onset <40 years
Age of onset !40 years 
AE ¼ adverse event. System organ classes and preferred terms reported in !5% of patients receiving either placebo or reslizumab (in either age of onset group) are shown. Data shown are numbers of patients (%). and possibly explains the absence of a placebo effect in this group. Although the magnitude of tissue inflammation and blood eosinophilia can be similar in early and LO asthma (Table 1) , IL-5 signaling is likely to underlie the greater proportion of symptomrelated ICS-resistant signaling in LO asthma.
The main limitation of the study is that this post hoc analysis was not predefined and prospective controlled studies are needed to confirm these observations. However, the post hoc analysis was based upon a strong scientific rationale (ie, the presence of different endotypes of eosinophilic asthma according to the age at onset) [2] . Also, these observations are likely not applicable to patients with LO asthma who do not have an eosinophilic phenotype, as this was a requirement for inclusion. The parameter of age of asthma onset was necessarily patient reported and may therefore be imprecise. However, this approach clearly seems to identify a reslizumabresponsive LO asthma subgroup from the overall population and is consistent with the collection of a standard asthma history as would be used by healthcare professionals in everyday clinical practice. Finally, as this was a primarily adult population (age of inclusion for the phase 3 reslizumab trials was !12 years; however, only 25 patients age 12 to 17 years were randomized in the pooled dataset), the effect of reslizumab in adolescent patients with earlyonset asthma remains to be elucidated.
In conclusion, patients with exacerbation-prone, LO asthma with elevated blood eosinophil levels (!400 cells/mL) and inadequately controlled symptoms responded particularly well to reslizumab, relative to the overall study population. These results contribute to our understanding of the heterogeneity of eosinophilic asthma and help to identify those patients most likely to achieve a clinically meaningful response to reslizumab.
Trial registry
ClinicalTrials.gov; NCT01287039 and NCT01285323.
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